We study the electron transport properties through a supported organic molecule styrene (C 8 H 8 ) on an ideal silicon surface Si[111] and probed by a STM-tip. The I-V characteristics and the differential conductance of the molecule are calculated using a self consistent approach based on non equilibrium Green's functions. Two different adsorption configurations for the molecule on the surface were considered which corresponds to a global and a local minimum of the total energy.
I. INTRODUCTION
Transport properties through supported molecules on substrates are an interesting phenomena in the field of nanodispositives. This idea has been extensively studied in the last few years mainly due to the possibility to build electronic dispositives at atomic scale. The major bottle neck in nanoelectronics is to have different mechanisms to control the transport properties as wish. In order to get to this point experiments and theory should work together by investigating different molecules, substrates and physical properties to achieve this goal. In the case of substrates, two different approaches have been followed by using metallic or semiconductor surfaces as the electrodes which interact with a given molecule.
With metallic contacts, the conduction could be described through an ohmic behavior, but if non-metallic contacts are considered (where the surface can have gaps in the electronic dispersion relation or if the molecule and surface interaction is able to open a gap), the electronic transport could change. Changing the molecule type has been also further investigated and many interesting results could be found in the literature. Some examples about electronic transport in mesoscopic systems consider carbon nanotubes used as nanowires 1 , metal-ion clusters useful for information storage 2 and molecules such as small silicon clusters that have been then studied showing resonant tunneling effects due to the electronic states of the cluster 3 . In the particular the case of silicon clusters in contact with semiconductor surface have been theoretically investigated in our group. We did report a diode-like behavior, opening the possibility of using a like dispositive in the the design of new electronic . This observation has been related to the crossing of the HOMO or LUMO levels of the band edge of the underlying semiconductor. It has been also pointed out that by using different molecules such as metallic nanocrystals or organic molecules, the conductance can be changed to be diode-like behavior and showing a dependence on the used molecules 7, 8 .
These recent results have reinforced the idea of using molecular systems as active structures in electronic components at nano scale.
In this work, we want to consider the electronic transport through an organic molecule in contact with a semiconductor surface. We report and explain a non-ohmic behavior in the electronic transport and we relate this observation to the interaction between the different systems. Transport properties are also tested under different conditions, such as doping and applied external electric fields.
II. FORMALISM
In this section we draw the methodology we have followed to calculate the transport properties here reported. This methodology has been previously presented by De Menech to study silver clusters and C 60 fullerenes on metal surfaceset al. 9, 10 . Our system consists of substrate-molecule-electrode. The surface has been modeled as an ideal structure with no reconstruction after the molecule has been absorbed on it. The electrode is a metallic tip far away from the molecule, with no bonding with it. The transport properties at equilibrium and non-equilibrium conditions were calculated using a Green's functions approach. The electronic states are described by means of a semiempirical extended Hückel theory (EHT), where parameters are obtained from first principle calculations 11 . We did guarantee a very good agreement between our electronic description and ab initio calculations, with errors less than 2% around the Fermi energy.
From the Hamiltonian of a molecule H mol and a contact H C , a coupled system (contact C -molecule) can be described by the composite Schrodinger equation
where S is the normalization matrix and G is the Green's function of the total system. By using the Green's function, the spectral function (density of states per unit energy) can be written as
for the spin unpolarized case. Following this description, the local density of states can be written as
where ψs are the molecular wavefunctions, giving rise to the electronic density as
that considers the integration just until the Fermi energy level.
Now, if we want to study the consequences on a specific part of the system due to the presence of the other parts, the Green's function approach allows it by including the effect as perturbations on the original Green function. This approach has been described by Williams et al. 12 to study defects in crystals as perturbations. They have showed that the problem can be described by a Dyson equation and have obtained the Green's function of the perturbed system. In our case, the Dyson equation leads to the perturbed Green's function of the cluster due to the presence of the surface. The surface effects are included as
where G 0 and G are the Green's functions associated with the isolated (unperturbed part) and the supported cluster (perturbed) respectively, and Σ is the self-energy matrix given by:
The previous equation takes into account the effect of the surface, which could come as broadening and shifting of molecular energy levels (the size of G, G 0 and Σ are defined mainly from the molecular orbitals values). The term G 0 s (E) corresponds to the Green's function of the isolated surface and τ is the coupling matrix between the cluster and the surface. The non equilibrium regime, is considered when another electrode is added to the system and an external voltage is applied between the surface and the electrode. In this case, the representation for the supported cluster is changed by using the correlation function G < = GΣ < G < to determine the charge density at a specific bias V . The term
is the lesser self-energy that depends on the Fermi function f i = f (E − µ i ) of the contact i (surface and electrode) for a specific chemical potential µ and the broadening matrix Γ of the surface and the metallic electrode. The rate at which electrons goes from one contact to another through the cluster is the transmittance T (E, V ). By considering only coherent transport (no scattering), it is possible to show that T (E, V ) can be evaluated using the relation
Finally, the expression used to calculate the current through a system like the one depicted in fig. 1 , where a molecule, with discrete energy levels, is located between a semiconductor surface and an electrode (with a uniform distribution of states), can be written as
The transmittance T (E) is integrated in the energy interval associated with each applied bias voltage and restricted by the Fermi function of the contacts. For both cases (surface and electrode), local equilibrium is assumed and, in principle, the low temperatures approximation is used, so the integration can be performed between µ 1 and µ 2 .
After the calculation of the transmittance is performed, we did follow the treatment given by Tian et al. 13 to obtain the conductance and the differential conductance. At low temperature regime, the conductance will be proportional to the transmittance (at zero bias), where the differential conductance will be written as
where G 0 = 2e 2 /h is the maximum conductance constant. Here it is assumed that the electrostatic potential modifies mostly the chemical potential of the metallic electrode. To describe the molecular electronic properties we use the EHT approach, where the electronic Hamiltonian is parameterized through the matrix elements H αi,βj , between two atomic orbitals α and β of atoms i and j respectively and assumed to be proportional to the overlap O αi,βj and such that H αi,βj = K αi,βj · O αi,βj . According with Cerda et al. 11 , the parameter K αi,βj can be defined from the on site energies using the form:
where K EHT is a fitting parameter usually obtained for solids and calculated from first principles.In our case this value was fixed at 1.75 for H, 2.8 for C and 2.3 for Au and Si.
In order to evaluate the accuracy of this model, we have compared the description obtained with the EHT model, with a calculation based on a plane wave implementation of the density functional theory with normalized pseudo potentials, as implemented in CPMD 14 .
The exchange-correlation has been described by using the local spin density approximation (LSDA) 15, 16 . The atomic structure and energy minimization of the isolated molecule and the supported molecule in contact with the surface have been calculated at the same theory level.
III. RESULTS
In order to make a proper electronic characterization of the system, we did start by describing every one of the system components as isolated systems. The surface considered in this work is a semiconductor silicon with a [111] orientation and no reconstruction. Even though, it is experimentally more typical to find this surface as reconstructed in (2x1) and (7x7), depending on temperature 3,17 , it has been also possible to obtain a Si[111]-in a (1x1) surface reconstruction 18 . For the unreconstructed surface, the dangling bonds are associated to the discrete energy levels that can be observed at the band structure of the For the case named as A, the energy difference between the HOMO and LUMO levels of the free molecule is 0.95 eV. Whereas, in the coupled case, the electronic gap is obviously reduced and the optimal molecule-surface distance is found to be 2.5 angs. By using the minimal structure, the electronic structure is calculated using the EHT model (as previously discussed Under non-equilibrium conditions, an external bias V is imposed by changing the chemical potential of the metallic electrode. Then the transmittance T(E,V) is calculated and the current can be obtained integrating the transmittance in the energy range associated to each bias. I-V curve is shown in Fig. 3 where the applied bias goes from -3 to 3 V.
We can observe a NDR effect for a positive applied bias. The intensity of the current starts to decrease at 0.7 V finding a minimum around 1.5 V where the current starts to increase again. This effect has been also experimentally reported for styrene on Si[100] 6 .
In this case, we have evaluated the states close to the Fermi level finding a shifting effect (adjustment of the position of molecular levels) as a function of the applied bias in the DOS and a drop in the transmittance when the bias is larger than 0.5 V. The molecular state, located next to the Fermi level (see Fig. 2-C ) , will be crucial when we have to explain the major contribution to the NDR effect. This state is the main peak in the DOS located in the right side of the DOS respect to the Fermi level (that in this case was considered at -4.8 eV for Si [111] ) and the charge distribution associated to it is located mainly between the molecule and the silicon surface. In Fig. 4 the DOS of the styrene molecule is compared with the differential conductance dI/dV as a function of bias. In the case of dI/dV, we can see not just the shift of the peaks respect to the e-DOS but also the magnitude of some peaks clearly changing, when they are compared to other peaks also observed in the e-DOS.
The dI/dV characteristic in Figure 4 shows the molecular states that indeed contribute to the electronic transport in the system. In this context, the intensity of the two peaks located at +/-0.2 eV respect to the Fermi level are clearly defined, in contrast to the state located 1 eV below the Fermi level. Another parameter we did take into account is related to the doping on the surface. To consider doped surfaces, a simple approximation can be performed without the inclusion of atoms in the system, such as P or S. This can be achieved by modifying the Fermi level of the substrate. We have considered three cases where the chemical potential of the surface is assumed to be µ s =-4.8 eV (initial case), -4.3 eV (n-type) and -5.3 eV (p-type). For each case, there are different equilibrium conditions controlled by the chemical potential. We have calculated the transmittance in the system and then the current I(V ). These results have been depicted in Fig. 5 where a voltage range from -3 to 3 V has been used. In this figure we can see that the n-type surface shows a similar behavior compared to the non-doped case (µ s = −4.8eV ), where the NDR effect at positive bias is observed. In the case of the p-type surface the result is rather different.
The NDR is not found at positive bias and even the behavior at negative V is also different when it is compared with the previous cases. In order to understand the differences at each doped o undoped surface Fig. 6 shows the e-DOS and the differential conductance dI/dV.
Even considering that the peaks of e-DOS are clearly shown at each case, we can see a displacement of the peaks as well as a change in their magnitude. In the case of dI/dV, the peaks are again shifted and changed in magnitude. One of the important aspect of the doping effect, is that molecular states have been also shifted according to each doped case and, in particular, the n-type surface (µ s = −4.3eV ) have moved (red shifted) the molecular states to the region of the calculated energy gap for the Si[111] surface (see Fig. 2 ). In order to differentiate the influence of the tip geometry, we did consider two FIG. 6: DOS and dI/dV characteristics for doped surfaces. To consider doped surfaces, the surface chemical potential µ s is adjusted to consider initial case, a p-type and a n-type surface.
different geometries: a flat surface and a pyramidal structure. The last geometry is shown in Fig. 7 where the tip shape is obtained with 30 Au atoms. The molecule-tip distance has been fixed to 5.0 angs. For the flat electrode, we have considered a distance of 5.2 angs.
These distances are long enough to consider only tunneling current between the molecule and the tip/electrode. Fig. 7 shows the I-V characteristics with and without a tip. In the case of the tip, the intensity of the current was multiplied by 5 for better comparison. We can see that at low voltages (positive and negative), the behavior is rather similar between them, but this description changes when the bias is higher in the positive direction. The flat electrode and the tip, in particular, a change in the magnitude of the peak located at 0.2 eV above the Fermi level, where the intensity is diminished when the tip is considered.
There is also another difference mainly localized at lower energies and can be attributed to the considered tip. reconstruction. Is important to notice that the energetic optimization shows that E(case B) < E(case A), which means that this configuration is much more stable. In this case, the optimal distance between the molecule (H atoms) and the surface (Si atoms) was found at 2.8 angs. Figure 9 shows that energy levels associated with the case B free molecule we can see molecular levels energetically located not only close, but also in the energy gap associated to the surface (graph B in Fig. 9 ). The two molecular states localized around 0 and 0.7 correspond to the original LUMO and LUMO+1 states respectively and they play an important role in the conduction phenomena. After we have evaluated the electronic configuration at equilibrium conditions (without bias), the I-V curve is shown in Fig. 10 with the same voltage range as case A. Interestingly, the I-V characteristic does not seem to show a similar NDR effect when a positive bias is applied, like in the first case. Instead of this effect, there is no an important contribution for the current at low positive voltages until a bias of 2.0 V is applied. Instead, when the negative bias is considered, there is current flow even at low voltages. If we want to know about the states that participate in the electronic transport, it is possible to evaluate the differential conductance dI/dV and the conductance G in Fig. 11 . In this case, the contribution of the state located initially at 0.7 eV above the Fermi level, has a very small intensity in dI/dV characteristic compared to other states. Even the conductance and the dI/dV of the state located at 0.2 eV below the Fermi level, is also small in comparison to, for example, the states located at 2.3 eV above the Fermi level. There is also a spread distribution of the conductance and dI/dV characteristics for low negative values (between -1.0 and 0.2 eV below E F ). In this case, there will be important to notice that this distribution is located in the same energy interval associated to the dangling bonds on the silicon surface. Following the same lines than in ). Here we can see that a NDR effect is obtained for the current around 1-2 V, when even if the positive bias is increasing, the current flow is decreasing in magnitude until a minimum value around 2 V. After this bias, the current increases its value again in a similar way like in the two other doped surfaces. The figure 13 shows the DOS and the dI/dV characteristic associated with doped o undoped surface. Here, we notice that the For all doped-undoped surfaces, the same peak, locate around 2.5, is clearly depicted and is related to the state found at 2.4 eV above the Fermi level. Again, the states related to the peaks close to the Fermi level, provide the most important contribution when a low voltage regime is considered.
IV. DISCUSSION AND CONCLUSIONS
Here, we have reported a set of electronic transport calculations for a semiconductor- applied. This can be understood based on the shifting of the molecular levels, close to the Fermi level, when the voltage is applied. This effect is modulated when the surface has been doped, which changes the chemical potential. This effect is more important for the case of a p-type surface, as it is observed in Fig. 3 , when compared to the n-type surface, where the effect is eliminated from the I-V characteristic. This difference is achieved because of the shift of the molecular levels according to each doped surface. For the n-type surface (with µ s =-4.8 eV), the electronic molecular levels are energetically located inside the energy gap of the silicon surface, so there is no channel available for the electronic transport at low positive bias (see dI/dV curve for n-type surface in Fig. 6 ). Another result, shows the influence of the tip in the electronic transport, where if the tip is changed, the NDR effect could be diminished with respect to the flat electrode. In order to compare both conditions, we have used a similar molecule-tip/electrode distance (5 angs.). This can be understood from the potential created by the tip-surface, which is smaller than the potential created by the electrode-surface case. A smaller electric field created for a sharp tip promotes a very small shift of the energy levels of the molecule and then it is more difficult to move the states to the energy interval associated to the energy gap of Si [111] . For the second configuration (B case), the situation is rather different because there is no NDR when the undoped surface is considered. This can be concluded by observing that the main peak occurs at 0.7 eV above E F and therefore can not be used as an electronic channel due to the energy gap of the Si [111] . Also, to control the NDR effect, we have considered doped surfaces, where it is possible to detect the NDR effect for the p-type surface but not for the n-type case. This difference is explained because the number of the channels available, and close to the Fermi level, is lesser for the undoped surface than for the p-type surface. Then the shifting of the states produced by the applied bias diminishes the contribution of the peak that is energetically displaced to the energy gap of the doped surface. In Fig. 13 , we can see that the undoped surface and the n-type case do not show important peaks close to the Fermi level in the dI/dV characteristics and the most important contribution comes from the state located 2.3 eV above E F . If we consider the p-type surface, we can see not only the contribution given by the states related to the dangling bonds of the surface around the Fermi level, but also one peak located at 0.7 eV above E F and another one at 2.5 eV above E F .
In summary, the extended Hückel model, used to describe the electronic properties in the system, it is in good agreement when compared with ab initio calculations. We have found two stable configurations for the styrene molecule in contact with the surface and both of them can provide interesting properties like the NDR effect. This effect is modulated not only by the electronic molecular levels but also their positions respect to the energy gap of the silicon surface. A semiconductor surface has interesting properties respect to metallic ones, allowing to control transport with the appropriate conditions like doping. In our case, we have a NDR effect of the system at low positive voltage. This effect is also more important when a strong electric field has been considered to shift the molecular states (flat electrode produces a stronger electric field than a sharp tip). The comparison between flat and sharp electrodes has been performed for both configurations finding the same NDR suppression when a sharp metallic tip is considered. These results strength the idea to use organic molecules as possible components to storage information in electronic devices.
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